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Summary
Objective: Members of the Wnt signaling protein family are expressed during cartilage development and skeletogenesis, but their roles and
mechanisms of action in those processes remain unclear. Recently, we found that –catenin-LEF/TCF-dependent Wnt signaling stimulates
chondrocyte maturation and hypertrophy and extracellular matrix calcification in vitro, events normally associated with cartilage-to-bone
transition during skeletogenesis. Thus, we tested here whether activation of this pathway promotes endochondral ossification.
Design: Chick chondrocytes were infected with avian retroviral expression vectors encoding constitutive-active (CA) or dominant-negative
(DN) forms of LEF, which activate or block –catenin-dependent Wnt signaling respectively. These cells and companion uninfected control
cells were seeded into type I collagen gels and transplanted intramuscularly into nude mice. The resulting ectopic tissue masses forming
over time in vivo were subjected to histological and molecular biological analyses.
Results: Transplantation of chick chondrocytes induced de novo endochondral bone formation. In situ hybridization and RT-PCR using
species-specific probes and primers showed that the ectopic cartilaginous tissue was avian and thus donor-derived, whereas the bone tissue
was mouse and thus host-derived. CA-LEF-expressing ectopic tissue masses contained abundant bone and marrow, while DN-LEF-
expressing masses contained little bone and lacked marrow.
Conclusions: Activation of –catenin-LEF/TCF-dependent Wnt signaling accelerates chondrocyte maturation and replacement of cartilage
by bone. © 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Members of the Wnt family of secreted signaling proteins
participate and play major roles in a variety of fundamental
processes, including embryonic axis specification, progeni-
tor cell fate determination and specification, differentiation
and organogenesis, and even carcinogenesis1,2. There is
also clear evidence that Wnt proteins are involved in
skeletal development. Several Wnts are expressed accord-
ing to unique spatial and temporal patterns during
skeletogenesis3–5. It has been reported that Wnt 7a and
Wnt 3a are expressed in the limb bud and have roles in
skeletal pattern determination5 and that Wnt 14 is involved
in joint formation6. In addition, Wnts including Wnt 4, Wnt
5a, Wnt 3a and Wnt 7a influence cartilage development7
and chondrogenesis in limb bud cultures8–10. Frzb-1, a
natural antagonist protein of certain Wnts, is expressed
during cartilage development11–15. Further, the other Wnt-
regulating protein has been reported to be involved in bone36metabolism16. Thus, it is clear that Wnt proteins are inti-
mately associated with skeletogenesis and cartilage devel-
opment in particular, but the mechanisms by which these
important effectors act and what specific roles they have
are not entirely clear.
The signaling mechanism of Wnt proteins has been
studied by genetic, biochemical and cellular approaches. It
has become apparent that Wnt signaling is mediated by
different intracellular pathways: the canonical –catenin-
LEF/TCF pathway17,18; a Ca2+-dependent pathway19; and
a Rho A activation pathway20. The –catenin LEF/TCF
pathway is the best characterized to date and involves
the translocation of –catenin from the cytoplasm to the
nucleus. In the absence of extracellular Wnt proteins
interacting and activating cell surface receptors such as
Frizzled, –catetin remains confined to the cytoplasm and
its degradation is promoted by several molecules including
GSK-3b, Axin and APC21–23. When Wnt proteins are
present and bind to the receptors, this degradation system
is inactivated and a free form of –catenin is accumulated
in cytoplasm17,21–23. The –catenin then translocates to
the nucleus and interacts with transcription factors such
as lymphoid enhancer factor-1/T-cell factor (LEF-1/TCF)
proteins and activates specific target genes17,24.
In a recent study, we found that this pathway stimulates
maturation and hypertrophy of cultured chick chondrocytes,
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VIRAL CONSTRUCTS AND INFECTION
Sequences encoding LEF-DN, which lacks amino acids
17-264 of murine LEF-1, and LEF-CA, which includes
amino acids 695–781 of –catenin fused to the C-terminus
of LEF-DN, were subcloned into the avian RCAS (A)
vector25. Both LEF constructs26 contain sequences encod-
ing the influenza virus hemagglutinin (HA) epitope used as
a tag. Recombinant viral particles were prepared in chick
dermal fibroblasts27. Mature and immature chondrocytes
isolated from the cephalic or caudal portions of Day 17
chick embryo sterna (Line M) (Nisseiken, Yamanashi,
Japan) respectively were cultured in high-glucose DMEM
containing 10% FBS28. When indicated, freshly isolated
chondrocytes were infected with concentrated viral prepa-
rations and subcultured into the collagen gels. 1×106 cells
were embedded into 100 l of type I collage gel (1.5 mg/ml)
in MEM according to the manufactual protocol (Koken,
Tokyo, Japan) and cultured for 12 h supplemented with
DMEM containing 10% FBS.TRANSPLANTATION OF CHICK CHONDROCYTES
The collagen gel-containing chondrocytes were
implanted intramuscularly in the inguinal region in 4-week-
old athymic male mice as previously described29,30.
Ectopic tissue masses forming over time in vivo were
removed with surrounding connective tissues and fixed
with 10% neutral buffered formalin. Samples were decalci-
fied in 5% formic acid, 10% neutral buffered formalin,
embedded in paraffin and sectioned. The resulting 5 m
sections were stained with hematoxyline eosine or pro-
cessed for in situ hybridization and immunohistological
analysis.IN SITU HYBRIDIZATION
Tissue section in situ hybridization was carried out using
digoxigenin-conjugated riboprobes31. Rat type II collagen
cDNA, p1377 (1(II)) was kindly provided by Dr Y. Yamada
(NIDCR, NIH)32. Mouse osteocalcin cDNA fragment
(nucleotide 129–420, NM007541)33 was amplified by
RT-PCR with a specific primer pair of 5′-GCA GGA GGG
CAA TAA GGT AGT GAA C-3′ and 5′-GGA GCT GCT GTG
ACA TCC ATA CTT G-3′ and subcloned into pGEM-T vector
(Promega, Wisconsin).IMMUNOHISTOCHEMISTRY
Paraffin tissue sections were blocked with 10% goat
serum and reacted with a 1:200 dilution of rat anti-HA
(hamagglutinin) epitope monoclonal antibody 3F10 (Roche
Diagnostic Inc., Tokyo, Japan). Bound antibodies were
visualized by incubation with biotinylated secondary anti-
body (Vector Laboratories) followed by Cy3-conjugated
Streptavidin (Jackson ImmunoResearch).RNA ISOLATION AND REVERSE TRANSCRIPTION POLYMERASE
CHAIN REACTION (RT-PCR)
Total RNA was isolated by the guanidine isothiocyanate
method27. First strand cDNA was synthesized from 1 g of
total RNA with 1 M of random 6 mer primer (Perkin Elmer)
using SuperScript II TM reverse transcriptase (GIBCO
BRL, Gaithersburg, MD) at 42°C for 45 min. Subsequent
amplification was performed with Elongase (GIBCO BRL,
Gaithersburg, MD) for 25–35 cycles under the following
conditions: 94°C for 30 s, 58–60°C for 1 min and 68°C for
1 min. Primer sequences for PCR amplification are as
follows: chick type II collagen (5′-CAC CCT CAA ATC CCT
CAA CAA TCA G-3′ and 5′-TGT CTT TCG TCT TGC TGG
TCC ACC-3′) (AY046949), chick chondromodulin I (chMI)
(5′-CCT GTC CTC TGA CCT GGA AGA TGA-3′ and
5′-ATC CTC TGG CAC TGC GTG TAA CTT-3′ )34, mouse
type II collagen (5′-AGG GAC TGA TGG TAT TCC TGG
AGC-3′ and 5′-AGC ACC TCG TTT GCC TTC TTC
AC-3′)35, mouse ChMI (5′-CAG CCA TGA CAG AGA ACT
CAG ACA A-3′ and 5′-TGC TTG GCA GTC CTG ATA GAT
GA-3′)36. Other primers sequences are described
elswhere30,37.ResultsECTOPIC TISSUE FORMATION
Transplantation of chondrocytes or chondrogenic cells
into athymic nude mice was previously found to produce
ectopic tissue masses38–44. In most cases, the bulk of
these masses were composed of cartilage and bone for-
mation was rear and only observed around the edges43. To
study this process in greater detail, we isolated mature
hypertrophic chondrocytes from the cephalic portion of Day
17 chick embryo sterna ossification27,45,46, embedded
them in a collagen gel and implanted the cell-matrix mixture
into inguinal muscles of male nude mice. Hosts were
sacrified at different time points from the day of implantation
and the ectopic tissue masses were analysed by histology
and histochemistry. Figure 1 shows sections stained with
hematoxylin-eosin (A), (B), (D), (E), (G) and (H) or Safranin
O (C), (F) and (I) of ectopic tissues present at 2 weeks
(A)–(C), 6 weeks (D)–(F) and 10 weeks (G)–(I) from
implantation. The 2-week-old transplants were largely com-
posed of cartilage [Fig. 1(A), (B)] and stained homogene-
ously with Safranin O (SO) [Fig. 1(C)]. A similar result was
obtained at 6 weeks [Fig. 1(D), (E)]. However, these
specimens contained a small amount of osteoid tissue land
marrow located around the periphery of the cartilage [Fig.
1(D), (E), arrows]. At the 10 week time point, much of the
ectopic masses were composed of bone and marrow [Fig.
1(G), (H)] and bone contained osteocytes embedded in
lacunae within the matrix [Fig. 1(H), arrowheads]. The
cartilaginous tissue had dramatically decreased [Fig. 1(I)].as indicated markedly increased alkaline phosphatase
activity and expression of hypertrophy-associated traits
such as MMP-13. We also found that experimental inacti-
vation of this pathway blocks chondrocyte maturation in the
chick limb in vivo and that nuclear translocation of
–catenin occurs in mineralizing hypertrophic chondrocytes
both in vivo and in vitro54. These findings suggest that
–catenin-LEF/TCF-Wnt signaling may regulate endochon-
dral ossification. To test this possibility, we first established
a chondrocyte transplantation model to induce ectopic
endochondral ossification in nude mice. We then asked
whether activation or inactivation of the –catenin-LEF/
TCF pathway in the chondrocytes would affect ectopic
endochondral bone formation.
38 J. Kitagaki et al.: Endochondral ossification and –catenin-LEF/TCF signalingTo test whether the induction of bone formation
depended on the maturation stage of the implanted
chondrocytes, we isolated immature resting chondrocytes
from the caudal portions of Day 17 chick embryo sterna.
These cells are small in size, produce typical cartilage
matrix components such as type II collagen and aggrecan,
and proliferate actively, but do not display any biochemical
or molecular trait of mature hypertrophic chondro-
cytes27,45,46. Accordingly, the immature chondrocytes were
embedded in collagen gels and implanted into nude mice
as above. Histological analysis at different time points
showed that the ectopic tissues were largely composed of
cartilage, even after 12 weeks [Fig. 2(A), (B)]. To confirm
the absence of bone, sections were processed for histo-chemical detection of TRAP activity, a marker of osteo-
clasts; for comparison, sections from 6-week-old
hypertrophic chondrocyte transplants (see above) were
processed in parallel. TRAP-positive cells positive were
barely detectable in the 12-week-old immature chondrocyte
transplants [Fig. 2(C)], whereas many positive multi-
nucleated cells were found adjacent to bone tissue in
hypertrophic chondrocyte transplants [Fig. 2(D)].Fig. 1. Histological changes in transplants of mature chondrocytes. HE staining (A), (B), (D), (E), (G) and (H) and Safranin O staining (C),
(F) and (I) of sections of mature chondrocyte transplants, which were dissected at 2 (A)–(C), 6 (D)–(F) and 10 (G)–(I) weeks after
implantation. (B), (E) and (H) are higher magnification images corresponding to the box areas in (A), (D) and (G), respectively. Note that
osteoid tissue and marrow formed around the periphery of the cartilage at 6 weeks [(D), (E), arrows] and massive bone and bone marrow
formation proceed at 10 weeks (G), (H). (A), (D) and (G), bar=25 m; (B), (E), and (H) bar=25 m; (C), (F) and (I) bar=25 m.Fig. 2. Histological analysis of transplants of immature and mature chondrocytes. HE staining (A), (B), (D) and (E) and TRAP staining (C),
(F) of tissue sections of transplants of immature (A)–(C) and mature (D)–(F) chondrocytes 12 weeks after implantation. (B) and (E) are higher
magnification images corresponding to the box areas in (A) and (D), respectively. Note that the transplant of immature chondrocytes was
totally cartilaginous and negative to TRAP staining (A)–(C), while that of mature chondrocytes were largely composed of bone and marrow
and has many positive cells for TRAP staining (D)–(F). (A) and (D), bar=25 m; (B), (C), (E) and (F), bar=25 m.DONOR VS HOST CELLS
We next examined the contribution of donor and host
cells to formation of ectopic cartilage and bone. To
Osteoarthritis and Cartilage, Vol. 11, No. 1 39approach this issue, we isolated total RNA from 6-week-old
tissues present after hypertrophic chondrocyte implantation
and processed it for RT-PCR, using primer pairs specific for
chick or mouse mRNAs encoding cartilage and bone extra-
cellular matrix markers. We found that the chick primers
resulted in amplification of type II collagen, type IX colla-
gen, chondromodulin I and type X collagen sequences [Fig.
3(A) lanes 2, 4, 6, and 8, respectively]. The comparable
mouse primers produced no products except for a little
amount of type II collagen gene product [Fig. 3(A) lanes 3,
5, 7 and 9]. In contrast, the mouse-specific primers
amplified a gene product encoding osteocalcin [Fig. 3(A)
lane 11].
To confirm these observations, we carried out in situ
hybridization for type II collagen and osteocalcin using
cDNA probes specific for either chick or rodent RNAs. The
results correlated well with the RT-PCR data. Cartilaginous
tissues present in 6-weeks-old transplants produced posi-
tive signal for chick type II collagen [Fig. 4(A)], whereas
bone and osteoid exhibited mouse osteocalcin gene
expression in 10-week-old transplants [Fig. 4(D)]. Hybridi-
zation with rat type II collagen [Fig. 4(B)] and chick osteo-
calcin [Fig. 4(C)] probes produced essentially no specific
signal. These findings indicate that ectopic cartilaginous
tissues are chick derived while bone tissue is host derived.Fig. 3. Expression of chicken and mouse-derived genes in trans-
plants. Total RNA was prepared from 6-week-transplants (A),
ATDC5 cell cultures 30 [(B), lanes 2–9] or chick calvaria cells [(B),
lanes 10 and 11]. RT-PCR was carried out using primers for type II
collagen (Type II, lanes 2 and 3), type IX collagen (Type IX, lanes
4 and 5), chondromodulin I (ChM-1, lanes 6 and 7), type X collagen
(Type X, lanes 8 and 9) and osteocalcin (OC, lanes 10 and 11).
The primers are specific either for chicken (lanes 2, 4, 6, 8 and 10)
or mice (lanes 3, 5, 7, 9 and 11). Lane 1 is a molecular weight
marker.Fig. 4. In situ hybridization for type II collagen and osteocalcin.
Sections of transplants of mature chondrocytes at 6 weeks (A), (B)
and 10 weeks (C), (D) were hybridized with probes specific for
chick type II collagen [(A), cType II], rodent type II collagen [(B),
rtype II], chick osteocalcin [(C), cOC] and mouse osetocalcicn [(D),
mOC].EFFECTS OF –CATENIN-LEF/TCF SIGNALING
To determine the role of Wnt signaling in ectopic bone
formation, we constructed avian RCAS viral expression
vectors encoding a dominant-negative (DN) form or a
constitutive-active (CA) form of LEF, each containing a HA
tag. The DN-LEF contains the DNA binding domain of
mouse LEF-1, but lacks the amino-terminal activation
domain. The CA-LEF is a fusion protein consisting of theDNA binding domain of LEF-1 and a transactivation domain
of –catenin. As shown in previous studies, DN-LEF and
CA-LEF function as dominant negative and constitutive
active molecule of –catenin-LEF/TCF-dependent Wnt sig-
naling, respectively, revealed by axis duplication assay in
Xenopus26. RCAS viruses encoding DN-LEF or CA-LEF
were used to infect freshly isolated mature cephalic sternal
chondrocytes. Cells were grown for 1 week in monolayer
culture to allow infection to spread and viral vectors to
produce encoded proteins. Cells were then embedded into
type I collagen gels and transplanted into nude mice.
Parallel cultures were infected with insert-less RCAS virus
and served as controls. Ectopic tissues masses isolated
after 1 week from implantation were processed for immuno-
histochemical detection of transgene expression using the
HA tag. Positive HA signal was observed in the nuclei of
over 50% of chondrocytes present in both DN-LEF [Fig.
5(C)] and CA-LEF [Fig. 5(E)] transplants, while no signal
was seen in the control tissues [Fig. 5(A)]. We also exam-
ined the 6-week- and 10-week-old transplants and found
that more than half of cells in the region of cartilaginous
tissues exhibited positive signals to immunostaining for HA
antigens (data not shown). Thus, it is likely that the intro-
duced genes into chondrocytes were expressed in the
transplants.
Histological analysis at the 2 week time point showed
that ectopic tissues from control, DN-LEF and CA-LEF
groups were for the most part composed of cartilage [Fig.
6(A)–(C)]. However, about half of the transplants in the
CA-LEF group exhibited osteoid at the periphery [Fig. 6(C),
arrow], while none of the specimens from control and
DN-LEF groups did. At 6 weeks, some bone tissue and
marrow had formed around the abundant cartilage in the
control group [Fig. 6(D)]. There was even less bone and no
marrow around the still largely cartilaginous DN-LEF trans-
plants [Fig. 6(E)]. In sharp contrast, bone and marrow were
40 J. Kitagaki et al.: Endochondral ossification and –catenin-LEF/TCF signalingthe predominant tissues present in the CA-LEF specimens
while cartilage had decreased considerably [Fig. 6(F)].
Semi-quantitative histological analysis indicated that the
incidence of bone and marrow formation in control, DN-LEFFig. 5. Immunostaining for HA antigen in transplants. Mature
chondrocytes infected with control (A), (B), DN-LEF (C), (D) or
CA-LEF (E), (F) RCAS virus were implanted into nude mice. The
sections of 2-week-transplants were processed for immunostain-
ing with antibodies to HA antigens, which are tagged to DN-LEF
and CA-LEF. (A), (C) and (E) are immunofluorescence images.
(B), (D) and (F) are phase contrast images of the same fields as
(A), (C) and (E), respectively. Note that more than half of chondro-
cytes in DN-LEF and CA-LEF groups were positive to HA staining
(B), (C), while control group (A) and the fibroblastic cells surround-
ing chondrocytes [(B) and (C), arrows] are negative.Fig. 6. HE staining of transplants expressing DN-LEF and CA-LEF. The transplants of control (A), (D) and (G), DN-LEF (B), (E) and (H) and
CA-LEF (C), (F) and (I) groups were dissected 2 weeks (A)–(C) and 6 weeks (D)–(I) after implantation and histologically examined. (G), (H)
and (I) are higher magnification images corresponding to the box areas in (D), (E) and (F), respectively. (A)–(F), bar=25 m; (G)–(I),
bar=12.5 m.Table I
Histological analysis of transplants expressing DN-LEF and
CA-LEF
Group Total
no.
No. positive
for osteoid
No. positive
for marrow
Contrrol 6 4 (67) 2 (33)
DN-LEF 6 3 (50) 0 (0)
CA-LEF 7 7 (100) 4 (57)
Sections of transplants of control, DN-Lef and CA-LEF groups at
6 weeks were histologically examined. No. positive for osteoid
represents a number of transplants which exhibit marked osteoid
formation at the periphery of transplants. No. positive for marrow
represents a number of transplants which exhibit bone and marrow
formation. The number in the parentheses is the incidence calcu-
lated (%).Discussion
ECTOPIC BONE INDUCTION BY TRANSPLANTED CHONDROCYTES
The results of our study provide evidence that transplan-
tation of mature chick chondrocytes in nude mice results in
initial formation of cartilage followed by endochondral bone
and marrow development with increasing time in vivo. The
ectopic cartilaginous tissue derives virtually entirely from
donor chick cells, while ectopic bone is largely host-
derived. We also show that induction of ectopic bone is a
property of mature hypertrophic chondrocytes, but not of
immature small-sized chondrocytes. These events and
their chronological sequence are clearly reminiscent of the
processes normally occurring during skeletogenesis in
which cartilaginous anlagen appear first and are eventuallyand CA-LEF groups were 33, 0 and 57%, respectively
(Table I).
Osteoarthritis and Cartilage, Vol. 11, No. 1 41replaced by endochondral bone and marrow forming in
close proximity to hypertrophic mineralized cartilage. This
stresses the importance of the terminal hypertrophic min-
eralizing stage of chondrocyte maturation as the sole one in
which chondrocytes can direct and promote the replace-
ment of cartilaginous skeletal structures with their definitive
bone counterparts.
The ability of chondrocytes to elicit ectopic ossification
was observed in previous studies also. In most of those
studies, bone was seen to form at the edge of neo-cartilage
formation, but the tissue was not abundant and did not
contain obvious marrow cells43. One likely explanation for
the strong bone/marrow formation observed in our study is
that we made use of hypertrophic mature upper sternal
chondrocytes. The cells were maintained in culture for just
one week before implantation into nude mice, as we
showed in numerous previous studies, the cells maintain a
vigorous, active and highly functional hypertrophic pheno-
type during this culture period27,45,46. Chondrocytes used
by others were articular chondrocytes40,44,47 or chondro-
cytes subcultured several times prior to implantation40,41. It
is quite possible that those cells lacked critical characteris-
tics or lost them during prolonged culturing, and were thus
unable to induce an effective osteogenic response in the
host. This interpretation is sustained by our finding that
immature chondrocytes isolated from the caudal sternal
portion and maintained for the same short 1 week period in
culture prior to implantation do not induce a significant
osteogenic response in the host. It is also possible that the
different osteogenic response observed here and in pre-
vious studies may be due to differences in the nature of the
material used for embedding chondrocytes although further
investigation should be required.WNT EXPRESSION AND FUNCTION
Though several Wnts are expressed during the pattern-
ing and differentiation stages of limb skeletogenesis, there
is still a poor understanding of how many Wnt members are
actually expressed and when and where they are
expressed. Lack of this information does not permit deter-
mination of a detailed definition of which Wnt member
is/are responsible for activating the –catenin-LEF/TCF-
dependent signaling pathway in maturing chondrocytes. As
summarized above, Wnt-7a is expressed in the dorsal
ectoderm in limb buds3,4, Wnt-3a is up-regulated in ecto-
derm near the dorso-ventral border5 and Wnt-5a are ini-
tially detected in apical ectodemal ridge (AER) and limb
mesoderm3. Furthermore, Wnt-2b gene is expressed in the
mesoderm in the presumptive forelimb region and Wnt 8c is
found in the caudal lateral plate mesoderm including the
presumptive hind limb forming cells49. Wnt 14 is expressed
in joint forming region6 and Wnt 4 is expressed in regions
near epiphyseal cartilage7. As cartilage development
progresses, Wnt-5a is localized to the perichondrium and
Wnt-5b is broadly expressed in cartilage primodia stage7.
Functionally, the –cateninLEF/TCF pathway is believe
to mediate the roles of Wnt-3a, -2b and -8c in AER
induction and limb formation formation49. On the other
hand, Wnt-7a appears to act on dorso-ventral polarity
independently of that pathway5, and Wnt 5a signaling,
which negatively regulates chondrocyte maturation
stage7,50, is mediated by PKC kinase and the Ca2+ depen-
dent pathway51,52. In our recent studies, we found by
RT-PCR that several Wnt proteins are expressed in chick
and mouse embryo cartilaginous structures and that over-
expression of Wnt-8 strongly promotes chondrocyte matu-
ration54. There is evidence from other studies that Wnt 8
action is mediated by the –catenin-LEF/TCF path-
way26,49,53. Thus, it is likely that Wnt 8 may be a critical
Wnt to endow hypertrophic chondrocytes with the ability to
induce osteogenesis during either normal skeletogenesis
or experimental conditions such as those analysed in the
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